Thermally sprayed ceramic coatings are commonly used as thermal barriers at high temperature. However, delamination of the coating from substrate (base metal) under various operation conditions, including high temperature and mechanical loads, always leads to serious degradation of the heat shielding effect. It is important to detect the delamination in situ and nondestructively for the maintenance and management of mechanical structures. However, until now, neither a clear definition of the delamination of the coating from the substrate nor an effective method to detect and evaluate the delamination process has been proposed. In this work, the surface strains of a substrate and a thermally sprayed coating were measured using an electronic speckle interferometry (ESPI) method. As a result, generation of delamination of the coating corresponded well to the critical strain " c on the " À s curve under a static load, where a large drop in the strain occurred for the coated specimen compared to the substrate only specimen. Furthermore, generation of the delamination under a cyclic load also corresponded well to a large drop in strain for the coated specimen compared to the substrate only specimen.
Introduction
Thermally sprayed ceramic coatings are commonly used as thermal barrier coatings (TBCs) because of their excellent heat insulating capability. 1) However, delamination of the coating from the substrate at high temperature and mechanical loads always results in damage to the substrate after loss of the thermal barrier effect. From the standpoint of material design and field application of thermally sprayed ceramic coating, it is important to clarify the delamination behavior and detect the generation of delamination of the sprayed coating.
The deformation of material surfaces is usually measured by a paste-type strain gauge on the surface. However, this method is difficult to apply at high temperatures. Instead, the authors reported several results of surface strain measurement of alumina ceramic coatings using an electronic speckle pattern interferometry (ESPI) method. [2] [3] [4] [5] It was found that the surface strain of the sprayed coating is closely related to the generation and propagation of cracks in the sprayed coating and to the delamination of the sprayed coating from the substrate. [6] [7] [8] [9] Because deformation of the sprayed coating is related to that of the substrate, it is necessary to know their individual deformation behaviors to better understand the delamination behavior of the coating. However, there are few reports that address the definition of the delamination of ceramic coatings.
In this work, the deformation of a base substrate of SUS304 steel and a ceramics coating on the substrate was measured by the ESPI method under static and cyclic loads. Then, the delamination behavior of the sprayed coating was investigated and a novel method proposed for comparing the two surface strains of the substrate and the coated specimen.
Experimental Procedures

Specimen
Solution-treated SUS304 steel plate (C: 0.05%, Si: 1.00%, Mn: 2.00%, P: 0.045%, S: 0.030%, Cr: 18.00%, Ni: 8.00%; 0:2 : 299 MPa) was used as substrate material. The shape and size of the substrate specimen is shown in Fig. 1 . A central circular hole was processed to introduce stress concentration. This specimen was used as the ''substrate only''. After the substrate specimen was blasted by accelerated alumina particles (WA#36) on the hatching area and pre-heated at 473 K for 480 s, a metallic bond-coat (Ni80%Cr20%; grain size: 70.8 mm) and a ceramic topcoat (Al 2 O 3 ; grain size: 20.7 mm) were thermally sprayed using an atmospheric plasma spraying apparatus (TECHNOSERVE CO. Ltd.) on the hatching area. Such specimens with thermally sprayed coating were used as ''coated specimen'' in the following. The spraying conditions are shown in Table 1 . The surface and the cross-section of the coated specimen are shown in Fig. 2 . The porosity of the top coat was obtained from thearearatio of open pores on the observation zone by SEM. The porosity in the ceramics topcoat was about 22.5%.
Static tensile test and cyclic fatigue test
A static tensile test was carried out at room temperature (T ¼ 298 K) and high temperature (T ¼ 873 K) using an autograph testing machine (Shimadzu Co.: AG-250KND). Two tensile rates of T s ¼ 0:8 Â 10 À6 and 1:7 Â 10 À6 m/s were used. Cyclic fatigue tests were carried out using a servohydraulic fatigue testing machine (Shimadzu Co.: EHF-EG50KN-20L) at T ¼ 298 K and 873 K. In the cyclic test, the stress ratio (R) was 0; the nominal stress ( max : at the specimen center) was 120, 175, 180 or 300 MPa; the frequency ( f ) was 14 Hz; and the load was sinusoidally cycled. Specimens were heated with an induction heating system (Oyo Electic Co.: MT-5KD-C) and the temperatures were measured with a radiation thermometer (Minolta Camera Co. Ltd: IR-308).
ESPI method
The surface strains (longitudinal strain) of the substrate only and the coated specimen were measured by an ESPI system (Dr. ETTEMEYER GmbH & Co.: Q-300). The measurement area was 9:0 Â 10 2 mm 2 at room temperature and 2:4 Â 10 2 mm 2 at high temperature. The measurement area at high temperature was smaller than that room temperature, because a coil type induction heater was used. In the static tensile test, the surface speckle of the specimen was recorded using a CCD camera for each load increment of 13.8 MPa. In the cyclic fatigue test, after a certain number of cycles the specimen was unloaded and the surface speckle of the specimen was recorded when the specimen was reloaded at the static tensile mode until the load reached the maximum stress of max . The data processing from the recorded speckles to the surface displacement and the surface strain was carried out by an equal interval method 5) using an ISTRA data system (Dr. ETTEMEYER GmbH & Co.).
In this work, after the measurement of the surface strains on the substrate only and the coated specimen under the static monotonic increased load (nominal tensile stress) and the cyclic sinusoidal load (nominal cyclic stress), the coating was checked for generation of delamination by SEM observation of the cross-section and compared with the obtained " À s curve under static load and the " max À N curve under cyclic load.
Results and Discussion
Surface strain measurement by ESPI
The thickness of the coating (about 200 mm) is much thinner than the substrate (about 4 mm), thus the crosssection area for the two specimens is almost the same. A paste-type strain gauge was used to measure the surface strain of two specimens under a static increased load at room temperature. 6) As a result, the strain values for each specimen were almost the same when the applied stress was small. 6) It means that the deformation of the sprayed coating almost follows that of the substrate.
The surface strains were measured by the ESPI method that is also able to measure at high temperature. One strain distribution on the specimen surface is shown in Fig. 3 . The color varied from black to red as the strain value increased. It is clear that strain concentration zones appeared near the circle hole for each specimen under a tensile load. Figure 4 shows the " À s curves of specimens at T ¼ 298 K and 873 K at load rates of T s ¼ 0:8 Â 10 À6 and 1:7 Â 10 À6 m/s. The surface strain was measured by the ESPI method 6, 7) at a position 1 mm from the edge of the circle hole (see Fig. 1 ; detail of part A, mark), and the calibration length (see Fig. 1 ) was 5 mm. 6, 7) The displacements of the two end points of the calibration length line was used for the calculation of surface strain. Each curve was averaged from 3 measurements. It had been reported that the surface strains on same specimen measured by a paste-type strain gauge and the ESPI method was almost the same at a calibration length of 5 mm. 6) According to Fig. 4 , there are no remarkable differences between the two types of specimens until the stress reached a specific value. The value was different for different load rates and different temperatures. However, when the stress level became larger than this value, the surface strain of the coated specimen became smaller than that of substrate only. This result is similar to the result of Muramatsu et al. 10) that was discussed about the delamination of coating and the traceability of strain in coating versus substrate. Figure 5 shows a schematic drawing of the " À s curve originated from Fig. 4 . Firstly, the strains of the two types of specimens increase at the same speed and have almost the same value until the tensile stress reaches a specific stress level (tiny strain zone of " I ). Next, the strain of the two specimens becomes different even though their rate of increase of strain is almost the same as with the increase of tensile stress (zone of " II ). Finally, both strains and their increase rates with increased tensile stress are different (zone of " III ). The strain with a sudden change from " II to " III , i.e., the break point of " À s curve for the coated specimen, is defined as the static critical strain " c .
Change of surface strain under static tensile load
To better understand the reason for the appearance of the break point of " c on the " À s curve of the coated specimen, the cross-section of the coated specimens near the central hole was observed after they were loaded with a stress near " c of about 360 MPa at T ¼ 298 K and T s ¼ 1:7 Â 10 À6 m/s. One characteristic result is shown in Fig. 6 . At least 3 specimens were used for the observation for each loading condition. No cracks can be observed in s % 333 MPa (Fig. 6(A) ). Vertical cracks with a length of about 100 mm (half of the coating thickness) and horizontal cracks propagated from the vertical cracks between the coating/ substrate interface were observed after the specimen was loaded to s % 347 MPa (Fig. 6(B) ). For s % 361 MPa, horizontal cracks with a length of about 400 mm $ 1 mm were observed (Fig. 6(C) ). After the stress was over " c , the rate of strain increase decreased (Fig. 5 ) and the horizontal cracks became longer (Fig. 6(D) ). Accordingly, although the coating deforms almost following the substrate in the " I $ " II zone, it can not follow well with the substrate when the a (a) non-coating (b) coating deformation of substrate become larger and vertical cracks propagate in the coating with holes and microcracks. The limit of nondestructive deformation is usually quite small for ceramic sprayed coatings. 11) Furthermore, the vertical cracks changed their direction to induce horizontal cracks (delamination) due to shear stress, thus decreasing the surface strain of the coating.
The effect of calibration length on the calculation of the surface strain was also investigated by comparing lengths of 0.2 mm (see Fig. 3(b) ; part hai) and 5 mm. As a result, the value of " c did not change with calibration length. All the data was processed at a calibration length of 5 mm in the following descriptions.
The value of " c and the appearance of cracks were checked at different tensile rates and temperatures (Fig. 4) . The surface strains for both the substrate only and the coated specimens were a little larger for T s ¼ 1:
À6 m/s. The change in the coated specimen might be due to the work hardening effect in substrate. 12) For each tensile rate, vertical and horizontal cracks were observed when the stress was greater than " c . Next, the surface strain of the substrate only and the coated specimen at T ¼ 873 K were almost the same in the " I zone, similar to that seen at T ¼ 298 K. However, the static critical strain " c was smaller at about 200 MPa, less than that at T ¼ 298 K (about 360 MPa). At a stress level of 200 MPa, the strain of the coated specimen was smaller than that of the substrate. Cross-sections of the coated specimen at s % 200, 230 and 290 MPa were observed (Fig. 7(A-C) ). Similar to that at T ¼ 298 K, vertical cracks were observed at the topcoat and changed their direction to horizontal cracks. Notably, the change of the direction of cracks from vertical to horizontal occurred at a lower stress level than that at T ¼ 298 K. Thus, the stress corresponding to " c changed markedly with temperature. This is likely due to the greater slip deformation of the substrate at high temperature and to the appearance of large strain even under a small stress. Thus, the deformation of the coating cannot follow the deformation of substrate, resulting in the earlier appearance of both vertical and horizontal cracks.
In general, the vertical cracks originate from defects in the sprayed coating despite differences in tensile rates and temperatures. The cracks change from vertical to horizontal relative to the substrate when the cracks propagate along the coating/substrate interface. However, the propagation of the vertical crack to a horizontal crack happens gradually. [13] [14] [15] As described above, delamination of the coating from the substrate can be defined by the length of the horizontal crack in relation to the critical strain of " c . This is because, when the surface strain reaches " c , the length of the vertical crack is slightly more than half of the coating thickness or the total length of the vertical and horizontal cracks is nearly equal to the thickness of the coating. Of course it is still difficult for the ESPI method to detect whether delamination of coating has occurred at the point of measurement. For the foreseeable future, it is advisable to use the in situ method of acoustic emission (AE) and the ESPI method, and to compare the results. 3.3 Change of surface strain under cyclic load Figure 8 shows the relation between the maximum surface strain during each loading cycle and the number of cycles when applying the cyclic loads between min ¼ 0 and max ¼ 120 MPa (stress ratio min = max ¼ 0), and min ¼ 0 and max ¼ 300 MPa at T ¼ 298 K with a frequency of f ¼ 14 Hz. At low stress ( max ¼ 120 MPa), no significant difference between the substrate only and the coated specimen was found. No cracks were found from the cross-section observation after N ¼ 1 Â 10 6 cycles ( Fig. 9(a) ). At high stress ( max ¼ 300 MPa), the surface strain changed largely for both specimens; in particular, a relatively large drop in strain appeared on the coated specimen after N ¼ 1 Â 10 4 cycles compared to substrate only. According to the crosssection observation (Fig. 9(b) ), vertical and horizontal cracks (delamination) along the interface were found after N ¼ 1 Â 10 4 cycles. The same measurement at T ¼ 873 K was also carried out when applying the cyclic load between min ¼ 0 and max ¼ 120 MPa, and min ¼ 0 and max ¼ 175 $ 180 MPa. At low stress ( max ¼ 120 MPa), similar to that seen at T ¼ 298 K, no remarkable difference was found between the two specimens. On the other hand, at high stress ( max ¼ 175 $ 180 MPa), the value and change in surface strain for the coated specimen was much different from that of substrate only with increasing number of cycles; their values were different until N ¼ 10 cycles and the difference disappeared thereafter. According to the cross-section observation, vertical cracks occurred after 1 cycle of loading, and many horizontal cracks were observed after N ¼ 1 Â 10 5 cycles. Deformation martensitic transformation and plastic slip occur near the central hole on austenite stainless steel with linear increases in load. 16) This could be one reason for the change in the surface strain of the substrate at room temperature. In fact, the Vickers hardness near the notch of the substrate after N ¼ 1 Â 10 4 cylces at loads of max ¼ 210 and 300 MPa were measured. The value was about Hv ; 171 at max ¼ 210 MPa and about Hv ; 183 at max ¼ 300 MPa, showing higher hardness at higher stress levels. Although strain generally increases with plastic deformation, a reversed plastic zone (RPZ zone) might appear after the stress is unloaded in the cyclic load test.
17) The strain value might become small decrease due to the influence of the RPZ zone when it was reloaded. Accordingly, the cyclic work-hardening and the formation of the RZP zone could result in change of surface strain. On the other hand, since the sprayed coating is much thinner than the substrate, the surface strain of the coating nearly follows the substrate under low stress. However, the stress concentration will be much larger due to the existence of defects in the coating, vertical cracks and delamination. Furthermore, the formation of the RPZ zones during cyclic loading in the substrate will result in irregular, or non-linear, deformation. Also, slip deformation may be much larger at high temperatures.
18) Accordingly, both the sum and the length of cracks in the coating increase and result in horizontal cracks or delamination. Furthermore, a residual stress (strain) exists due to the mismatch between the coating and the substrate due to different thermal coefficients of expansion, 19) which also promotes the generation of cracks and delamination. Accordingly, when the delamination occurs after only several limited cycles at high temperature, the change of surface strain become small. At the initial stage of applying high stress levels ( max ¼ 175 $ 180 MPa) at high temperature, deformation of the coating cannot follow that of the substrate, resulting in the generation of cracks and delamination. Accordingly, the delamination behavior of the sprayed coating is almost the same for static or cyclic loads. In other words, the generation of delamination of the coating can also be confirmed by detecting the change in surface strain of the coated specimen compared to that of substrate only.
Conclusions
The surface strain of SUS304 stainless steel substrate and the thermally sprayed coated specimen were measured by the ESPI method under static and cyclic loads. The delamination of the thermally sprayed coating was investigated, and the values of strain on the sprayed coating and substrate only specimens are discussed. The results are summarized as follows:
(1) In the static tensile test, the surface strain of the coating was almost the same as that of the substrate at the low stress levels. However, when the delamination occurred along the coating/substrate interface, the surface strain of the coated specimen was less than that of the substrate only specimen. It is possible to define a critical strain " c on the " À s curve by comparing the strain change of the coated specimen and the substrate only specimen, which corresponds to the degree of delamination of the coating. (2) Vertical cracks generally originate from defects in the sprayed coating despite different tensile rates and temperatures. The vertical cracks changed to horizontal ones to delaminate the coating from the substrate. (3) In the cyclic tests, delamination was also confirmed by comparing the strain change of the coated specimen and the substrate.
